This paper aims to carry out the condition assessment on solar radiation model and thermal loading of bridges. A modification factor is developed to change the distribution of solar intensities during a whole day. In addition, a new solar radiation model for civil engineering structures is proposed to consider the shelter effects induced by cloud, mountains, and surrounding structures. The heat transfer analysis of bridge components is conducted to calculate the temperature distributions based on the proposed new solar radiation model. By assuming that the temperature along the bridge longitudinal direction is constant, one typical bridge segment is specially studied. Fine finite element models of deck plates and corrugate sheets are constructed to examine the temperature distributions and thermal loading of bridge components. The feasibility and validity of the proposed solar radiation model are investigated through detailed numerical simulation and parametric study. The numerical results are compared with the field measurement data obtained from the long-term monitoring system of the bridge and they shows a very good agreement in terms of temperature distribution in different time instants and in different seasons. The real application verifies effectiveness and validity of the proposed solar radiation and heat transfer analysis.
Introduction
Civil engineering structures are subjected to long-term thermal effects induced by solar radiation and ambient air temperature. The structural components may receive heat energy from the direct radiation, diffuse radiation, and reflected radiation to cause seasonal and daily temperature changes [1, 2] . The time varying thermal loadings in the structures may induce the structural deformation and thermal stresses due to the indeterminacy, which may cause the damage events of the components, even the entire structures [3, 4] . Therefore, the thermal loading and thermal effects have attracted great attention across the world for the past decades. The thermal effects on civil engineering structures have been investigated to simulate the temperature distribution and predict the structural responses by using solar radiation model and heat transfer analysis with the aid of finite element (FE) method [5] .
The temperature effects of civil engineering structures have been investigated extensively since the 1960s. The research on structural thermal effects has been firstly carried out in the early stages through field measurement and testing due to the limitation of theoretical approaches. Zuk [6] investigated the thermal behavior of several highway bridges and found that the temperature distribution was affected by many factors such as air temperature, wind, humidity, intensity of solar radiation, and material type. Capps [7] assessed the thermal effects of a steel box bridge in the UK through measuring structural temperature and longitudinal movements. Churchward and Sokal [8] carried out the condition assessment of structural thermal effects by testing temperature profiles at different time instants of a section of poststressed concrete bridge. In reality, it is widely accepted that the temperature distribution with a body is governed by heat conduction, heat convection, and solar radiation from the surrounding environment. In 1822, Fourier proved that the rate of heat transfer is proportional to the temperature gradients which can be depicted by the well-known Fourier partial differential equation. Nevertheless, the theoretical analyses of thermal loading and effects of civil engineering 2 Mathematical Problems in Engineering structures are quite rare due to the difficulties in large scale numerical computation. The investigations of structural temperature distribution and thermal effects have been substantially carried out since the 1970s with the rapid developments in computer techniques with the finite element method in the thermal analysis [9] . The pioneer work on the thermal effects of bridges dates back to Kehlbeck [10] . He proposed the theoretical approach for the thermal analysis and systematically examined the thermal effects of bridges. The thermal effects were investigated in detail by taking the solar radiation and surrounding convection into consideration. The detail parametric study is performed to examine the effects of solar radiation, convex, conduction, heat of hydration, member size and geometry, and so forth. Elbadry and Ghali [11] examined the temperature distribution and estimated stresses of a concrete bridge by developing a two-dimensional finite element model. Branco and Mendes [12] proposed an approach to define temperature design values for concrete bridges.
In the past two decades, the field measurement and monitoring of temperature distribution and thermal effects of civil engineering structures have been widely carried out due to the rapid development and application of structural health monitoring (SHM) system and technology [13] [14] [15] . Shahawy and Arockiasamy [16] compared the measured time-dependent strains of the Sunshine Skyway Bridge with the analytical predictions. Fu and DeWolf [17] carried out field measurement and numerical simulation on a curved concrete bridge concerning the temperature effects on the tilt and natural frequencies. Xu et al. [18] investigated the temperature-induced displacement responses of Tsing Ma Bridge based on field monitoring data from 1997 to 2005. Xia et al. [19] examined the temperature effect on vibration properties of civil structures by taking a concrete structure, the Tsing Ma Suspension Bridge, and the Guangzhou New TV tower as example structures. Xia et al. [20] investigated the temperature distribution in a long span suspension bridge through finite element analysis. Similar studies in the field include those of Wong et al. [21, 22] , Tong et al. [23] , Au et al. [24] , Roberts-Wollman et al. [25] , and Desjardins et al. [26] .
Current investigation mainly focuses on the thermal deformation and the effects of small concrete bridges. The configurations and performance of long span bridges such as suspension bridges are quite different from those of common concrete bridges. In addition, the solar radiation model in the field of astronomy is directly utilized in the thermal analysis civil engineering structures. It is reported that the thermal loading and the effect of large scale structures are different due to the shelter effects of the solar radiation. The collected data from health monitoring system indicate that the measured temperature distribution does not agree with that from the field measurement. Consequently, the solar radiation model and heat transfer analysis techniques suitable for the civil engineering structures are expected. In this regard, the condition assessment of solar radiation model and thermal loading of bridges are actively carried out in this study. A modification factor is developed to change the distribution of solar intensities during a whole day. Furthermore, a new solar radiation model for civil engineering structures is proposed to consider the shelter effects induced by cloud, mountains, and surrounding structures. The heat transfer analysis of bridge components is conducted to calculate the temperature distributions based on the proposed new solar radiation model. By assuming that the temperature along the bridge longitudinal direction is constant, one typical bridge segment is specially studied. Fine finite element models of deck plates and corrugate sheets are constructed to examine the temperature distributions and thermal loading of bridge components. The feasibility and validity of the proposed solar radiation model are investigated through detailed numerical simulation and parametric study. The numerical results are compared with the field measurement data obtained from the long-term monitoring system of the bridge and it shows a very good agreement, in terms of temperature distribution in different time instants and in different seasons. The real application verifies effectiveness and validity of the proposed solar radiation and heat transfer analysis.
Solar Radiation Effect

Solar Radiation Model.
The rate of heat absorbed by the bridge surface due to solar radiation is [27] = ,
where (0 < < 1) is absorptivity coefficient of the surface material and is solar radiation including direct solar radiation, diffuse solar radiation, and reflected solar radiation on a surface, respectively.
The spatial position of the sun and bridge is displayed in Figure 1 , where is solar altitude; is the incidence angle of sun rays; is the azimuth angle; vector → is perpendicular to the surface; surface azimuth angle is measured from the south, positively toward the west; and is the tilt angle from the horizontal, which is positive for south-facing surfaces; the solar incidence angle is defined as the angle between the surface normal → and a line collinear with the sun's rays. The solar radiation is affected by several factors such as the hour of the day, the day of the year, the latitude and the altitude of the bridge, and the cloudiness of the sky. The radiation can be simulated considering analytical expressions for the effects of these factors or considering the evolution during any day as a function of the maximum daily radiation. The direct and indirect solar radiation on a surface can be computed separately in order to consider the evolution of the shadow zones during the day and the effects of surface tilt angle [12, 27] . Consider
in which , , and are the direct solar radiation, diffuse solar radiation, and reflected solar radiation on a surface, respectively. In reality, the information of direct, diffuse, and reflected solar radiation on the ground can be obtained through field measurement or simulation. Then, , , and can be determined by considering the tilt angle of the surface.
Solar Radiation Component.
The direct radiation energy to heat up the bridge structure depends on the solar constant sc and the absorption of the solar energy in the atmosphere. The earth's atmosphere acts as a filter for the solar radiation so that only a fraction of the total solar radiation reaches the surface of the earth. The energy reaching the earth's surface by direct radiation can be expressed by
in which denotes the transmittance factor and depends on the atmospheric conditions and the length of the path the radiation has to travel through the air mass.
expresses the scatter of the light in a pure atmosphere, as well as the absorption of certain wave lengths by the atmosphere. When the sun rays make an incidence angle with the normal to the surface, the rate of the bridge tower radiation of bridge tower becomes
The direct solar radiation is accompanied by radiation that has been scattered or remitted, called diffuse solar radiation. The energy reaching the earth's surface by diffuse solar radiation can be estimated using Berlage's equation
in which
where is the ratio of atmospheric pressure to pressure at sea level and is turbidity factor which is used to express the attenuation of radiation in different atmospheric conditions.
The direct and diffuse solar radiation may also be reflected onto a surface from nearby surfaces which is the socalled reflected solar radiation
where is the reflected coefficient of ground. The reflected solar radiation on a surface with tilt angle is
New Solar Radiation Model
Solar Radiation.
The duration in which the bridge component can receive solar radiation in one day is expressed as
in which ss and sr are corresponding hours of sunset and sunrise, respectively. The peak solar radiation is observed at time 0
In the traditional solar radiation models, the hour with peak solar radiation intensity 0 is very close to 12:00 pm, and the solar radiation intensity before and after peak solar intensity hour 0 is almost the same. This assumption may differ from the practical situation due to the diversity of cloud shading and topographical features. For instance, the field measurement on Tsing Ma Suspension Bridge shows that the hour with peak solar intensity 0 in summer is about 13:00 pm and the solar intensity before time 0 is smaller than that over time 0 . In this regard, the solar radiation model is modified here to simulate the solar radiation on bridges. In the modified model, the ratio of solar radiation intensity before and after the peak solar radiation time is revised while the total solar radiation intensity in one day remains unchanged. The modification factor is defined as the combination of sinusoidal functions
in which denotes hour in a day and and are two positive exponential parameters for modulating the solar intensity ratio before and after . The total solar radiation intensity in a day for the original prediction model can be obtained by summarizing the solar intensities at all the hours
The total solar radiation intensity in a day for the modified prediction model is
The difference ratio between the original and modified prediction models is
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To keep the total daily solar intensity unchanged, the modified solar intensity is
It is observed that the modification factor indicated in (11) is the combination of many sinusoidal functions. By changing the properties of the sinusoidal function, the values of modification factor before and after may alter, which may thereby lead to the changes in solar radiation intensity before and after . To demonstrate the effectiveness of modification parameter , a sine function is utilized for numerical indication as follows:
The date for calculating parameters in (11), such as solar , ss , and sr , is July, 17, 2005. The time instant of peak solar radiation hour is assumed as 13:00 pm. Figure 2 shows the modification factor with different parameters. It is observed that the application of modification parameter can change the solar intensity ratio before and after the peak solar radiation hour . Different and can alter the distribution of daily solar intensity of a structure at a certain place. Relatively large and may cause the smaller solar radiation intensity before and vice versa. It is noted that the actual peak solar radiation hour and two parameters, and , can be determined based on direct measurement of solar intensities or be numerically estimated based on the measured temperature information of structural components with direct solar radiation.
Boundary Condition for Heat Transfer Analysis.
The flow of heat in a solid is governed by the well-known Fourier equation. For a bridge component subjected to solar radiation, it can be assumed that there is no thermal variation along the bridge longitudinal direction [11, 17] . Consequently, the temperature field of a bridge cross-section at any time can be expressed by a two-dimensional heat flow equation as
in which is the isotropic thermal conductivity coefficient, is the density of material, is the heat of the material, and denotes the rate of heat transferred between the surface and the environment. The thermal energy transferred between the bridge surface and the environment consists of convection , thermal irradiation , and solar radiation
The rate of heat transfer by convection is associated with the movement of the air particles and depends on the convection heat transfer coefficient ℎ and difference between the air temperature and the bridge surface temperature . The energy transferred between the surface elements and the environment can be expressed as
where ℎ is the heat transfer coefficient.
Bridge Configuration and Health Monitoring System
The Tsing Ma Bridge is a suspension bridge with an overall length of 2160 m and a main span of 1377 m (see Figure 3 ). It carries a dual three-lane highway on the upper level of the deck and two railway tracks and two carriageways on the lower level within the deck box. The box deck is of a hybrid steel structure that is 41 m wide and 7. The detailed introduction on the configuration of a typical suspended deck module can be referred to [5] .
A Wind and Structural Health Monitoring System (WASHMS) for the Tsing Ma Bridge has been devised, installed, and operated since 1997. About 280 sensors were installed on the bridge to monitor the loading and structural responses. 115 temperature sensors are divided into three categories to measure the ambient and structural temperature information as shown in Figure 3: (1) ambient temperature ( 1 and 2); (2) section temperature ( 3, 4, and 5); and (3) cable temperature ( 6, 7, and 8). The sensor with signal channel number of 81 ( 1) is located in the middle of the main span and the other five air temperature sensors (Ch. 82 to Ch. 86, 2) are mounted at a section close to Tsing Yi tower. There are seven groups of temperature sensors (Details numbers 10 to 16, 28 sensors in total) mounted on the orthotropic deck plates 2.25 m away from the section. At each detail, one sensor measures the temperature of steel plate and the other three sensors measure the temperature distribution over the deck trough as shown in Figure 4 . The sampling frequency of all of the temperature sensors is 0.07 Hz [5] .
Thermal Loading and
Temperature Distribution
Model and Parameter of Deck
Plate. Thermal variation of the bridge deck in the longitudinal direction of the bridge can be assumed insignificant and thus one typical segment can be taken as example . The deck plate consists of steel deck plates, asphalt concrete cover, and deck troughs as shown in Figure 4 . The thickness of the upper and lower deck plates is 13 mm while the counterparts for upper deck trough and lower deck trough are 8 mm and 10 mm thick, respectively. The steel deck plates are covered by 40 mm thick asphalt concrete. The finite element model of a typical deck plate is established using three-dimensional thermal elements by using the commercial package [28, 29] as shown in Figure 5 . The thermal properties of materials utilized in heat transfer analysis are listed in Table 1 .
Temperature Distribution of Deck Plate in the Summer.
The variations of hourly mean ambient temperature collected in channel 81 in year 2005 are displayed in Figure 6 (a examined for investigating the effects of sensor locations on the ambient temperature as shown in Figure 6 (b). It is seen that all curves show similar variation trends despite their different location. It is observed that the ambient temperature out of bridge deck section (ch. 81) is larger than that within the deck section (chs. 82, 83) during the day and smaller than those in the night. The ambient temperature of ch. 83 is larger than that of ch. 82 for all the day because ch. 83 is more close to top plates receiving solar radiation. To compare the variation of ambient temperature in deck width, one can find that the temperature variation trends in different lateral positions are quite similar. The mean temperature of sensors close to the south deck plate is a little larger than that close to north plates due to the effects of thermal conductivity induced by solar radiation. The transient heat transfer analysis is carried out to determine the temperature distribution of the deck plate based on the actual thermal boundary conditions. The convection heat transfer coefficient can be computed in line with the wind speed and geometric configuration of deck plate by using an empirical formula [23] . The variation of solar intensity of Tsing Ma Bridge is observed and the field measurement indicates that the peak temperature hour is at about 13:00 pm in summer [18] . Therefore, the hour for peak temperature is set as 13:00 pm and the two parameters and are set as 5 and 5, respectively, for the new solar radiation model. The comparisons of solar intensities of the original radiation model and new radiation model for four seasons are displayed in Figure 7 .
The calculated temperature of the deck plate of Detail 12 on July, 17, 2005 , is compared with the measurement counterparts (Ch. 66 to Ch. 68) shown in Figure 8 . It is observed that the variation trend of temperature obtained with the original radiation model is similar to that of the field measurement, while the peak temperature occurs a little earlier than the measurement by about 2 hours. This indicates that the peak solar radiation used in the model might occur earlier than the practical one. By using the new radiation model proposed in this paper, the simulated temperature at the three points agrees with the measurement very well at all time points, which validates the effectiveness of the proposed solar radiation model and the heat transfer analysis. Table 2 lists the peak temperature of the deck plate on July, 17, 2005 (Unit: ∘ C). It is observed that the simulated results are quite close to those from field measurement. The maximum temperature of the bottom of the deck plate is larger than that of steel trough. This is because the top surface of deck plate receives direct solar radiation and the maximum temperature is dominantly controlled by the solar radiation as well as the ambient temperature. Nevertheless, the minimum temperatures are observed at night and no solar radiation acts on the bridge components. Therefore, the minimum temperature at different parts of the deck plate is quite close to each other. field measurement. The parameters of the improved radiation model are the same as those adopted in summer calculations except that the radiation intensity varies in different seasons. The temperature distributions of the deck plate based on the original and new solar radiation models are analyzed and compared as shown in Figure 9 . It is observed that the peak temperature occurs at about 16:00 pm while the time for the simulated peak temperature using the original model is about 14:00 pm. Similar to the observations made for the summer day, the simulated temperature distributions using the new solar radiation model agree well with those from field measurement in comparison with those using the original solar radiation model.
Temperature Distribution of Deck Plate in Other Seasons
The same conclusion can be drawn out from the temperature variations of the deck plate in the spring and winter as shown in Figures 10 and 11 , respectively. It is found that the variation trend of temperature obtained with the original radiation model is similar to that of the field measurement in both spring and autumn. However, the peak temperatures are observed several hours earlier than the actual one based on filed measurement data. The simulated temperature variation at the three positions of the deck plate agrees with the measured data very well for the whole day. Therefore, the validity of the new solar radiation model can be proved through the comparison between the measured and simulated results. Similar to the summer day, the temperature variations in other seasons based on the new solar radiation model agree well with the measurement better than those from the original solar radiation model. The temperature distribution of the bridge plate at other deck details has also been obtained and it shows that the new solar radiation model can remarkably improve the simulation results. The comparison is not shown here for brevity.
Temperature Gradient of Deck Plate.
The simulated temperature gradients of the deck plate at Detail 12 in different seasons are summarized and displayed in Figure 12 .
It is observed that the temperature of the asphalt concrete cover can reach as high as about 61 ∘ C in the summer. The temperature of the asphalt concrete cover is much higher than that of the steel plate and the difference in the afternoon can be as high as 11 ∘ C in the summer. The difference of temperature between the top and bottom of the steel plate is small during the whole day. This is because the thermal conductivity of steel is much higher than that of the asphalt.
Similar observations can be made from the temperature gradients of the deck plate in spring, autumn, and winter, respectively. Listed in Table 3 deck plate in different seasons. The peak temperature of the asphalt concrete cover is larger than that of interface by about 10.5 ∘ C in the summer day. The temperature variation ranges of the cover surface and bottom plate in the summer day are 33.3 ∘ C and 22.5 ∘ C, respectively. The difference of peak temperature between the top and bottom of steel plate is only about 0.08 ∘ C in the summer day. It is also seen that the time for minimum and maximum temperature of the cover is 6:00 am and 15:00 pm, respectively. The temperature differences in the other three seasons are smaller than those in the summer as displayed in Table 3 . No matter which season is considered, the temperature gradients of the steel plate in the vertical direction are quite small.
Temperature Distribution of Other Bridge Components.
Similar to the deck plate at Detail 12, the heat transfer analysis of other bridge components such as deck plates on the upper chord and bottom chord and the corrugated sheets is also carried out. Many detailed finite element models of these components are constructed by using three-dimensional thermal analytical elements. The corrugated sheets are modelled based on the design with minor simplification due to the omission of accessory components. The cross frame is enclosed by the deck plates and corrugate sheets and the heat exchange occurs between the plates and the section frame. Therefore, the temperature measured at the interface between the cross frame and enclosed plates (sheets) is used as a thermal boundary condition for heat transfer computation. Other surfaces of the deck plates and corrugated sheets are exposed to air and do not receive solar radiation directly. Figure 13 displays the temperature variations of many deck plates on the upper chord of the cross frame on July, 13, 2005 . The calculated temperature variations on the upper chord are compared with the measured results as shown in Figure 13 . It can be found that the numerical results agree very well with the measurement counterparts at different times. Similar observations can be made from components of the upper left chord, lower chord, and vertical truss members. The results are not shown here due to page limitation. Temperature variations of deck plates on the bottom chord in summer are displayed in Figure 14 . It is noted that the deck plates on the bottom chord cannot receive direct solar radiation due to the shelter of the deck module. Therefore, the heat transfer of these components is dominantly controlled by the ambient temperature and flowing air. Therefore, it is clearly found from Figure 14 that the maximum temperatures of channels 15 and 25 are much smaller than those on the deck plates on the upper chord, which are exposed to the sun and receive direct solar radiation during the day. In addition, the variation ranges of daily temperature of the channels 15 and 25 are no more than 4 ∘ C for the whole day, which is also much smaller than those of the deck plates on the upper chords. Temperature variations of corrugated sheets in summer are displayed in Figure 15 . Channel 38 is located on the upper corrugated sheet and it can receive direct solar radiation. However, channel 42 is located on the bottom corrugated sheet and it can only receive the diffuse radiation and reflected radiation instead of the direct radiation. Therefore, the maximum temperature of the channels 38 and 42 are 35.47 ∘ C and 33.18 ∘ C, respectively. The former is larger than the latter by about 2. from field measurement no matter where the sensors are located, which demonstrate the validity and effectiveness of the proposed new solar radiation model.
Concluding Remarks
The thermal loading of a bridge deck plate is actively investigated in this study. A new solar radiation model for bridges is proposed to consider the shelter effects induced by cloud, mountains, and surrounding civil engineering structures.
Fine finite element models of deck plates and corrugate sheets are constructed to examine the temperature distributions and thermal loading of bridge components. The feasibility and validity of the proposed new solar radiation model are examined through detailed numerical simulation and comparison. The made observations indicate that by using the proposed approach, the simulated temperature in the summer at the testing points agrees with the measurement very well, which validates the effectiveness of the proposed solar radiation model and the heat transfer analysis. The maximum temperature of the bottom of the deck plate is larger than that of steel trough and the minimum temperatures at different parts of the deck plate are quite close to each other. Similar to the observations made for a summer day, the simulated temperature distributions using the new solar radiation model agree well with those from field measurement. It should be pointed out that the parameters and results are valid only for the example structure examined in this study. For other structures with different parameters, the methodology for the solar radiation and thermal loading demonstrated in this study is still valid.
